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SEPARATION OF METAL IONS (Fe 3 , Cu+ 2 , Ni+2 , Zn+ 2)

BY USE OF BONDED PHASES 1i; THIN-LAYER CHROMATOGRAPHY

AND HIGH-PERFOREJIICE LIQUID CHI ,CMATOGRAFiY

S ABSTRACT

The purpose of this research was to obtain quick,

chromatographic separations of ,Fei, and Zn 2

U metal ions using thin-layer chromatography (TLC) and

g high-performance liquid chronatography (HFrLC) on bonded

stationary phascs and to compare the TLC separations with

TLC separations obtaincd on plain silica gel. Eight bond-

ed-phase substrotes were sy-ithesized, immobilizing amino,

I dithiocarbamate and f-dike'one groups on a silica surface.

Separations-',Pre!e obtained on these bonded phases and on

two types of silica using up to thirty mobile phases. An

immobilized trifluoro./-diketone stbstrate used with a

I0?% trifluococcoiylacetone in aceto.e mobile phase Cave a

I well r(:solvcu zcParntion of the four metals in TLC. An

IWLC column - .]-.ed with this substrate, and using the same



i - mobile phase as in TLC, showed well resolved separation of

Cu+2 zzr .2 and Ni2' Fe+ was not injected onto the column

because of its extremely long retention time. Detection of

the metals was accomplished by spraying with diphenyl-

carbazide for TLC and by visible and atomic absorption

spectrometry for HPLC.
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3 SEPARATION OF KETAL IONS (Fe+3 , Cu+2 , Ni +2 , Zn+2 )

BY USE OF BONDED PHASES iN TH I-LAY1i CHROIMATOGRAPHY

j UAND HIGH-PERFORILfCE LIQUID CHROMATOGRAPHY

ABSTRACT

The purpose of this research was to obtain quick,

chromatographic separations of ,Fe + 3 , Cu+2 , Ni + 2 and Zn + 2

I metal ions using thin-laer chromatography (TC) and

high-performance liquid chronatography (.F-LC) on bonded

stationary phases and to compare the TLC separations with

I TLC separations obtained on plain silica gel. Eight bond-

ed-phase substrates were synthesized, immobilizing amino,

dithiocarbamate and $-diketone groups on a silica surface.

Separations were obtained on these bonded phases and on

two types of silica using up to thirty mobile phases. An

I immobilized trifluoro.,-diketone substrate used with a

10% trifluoroacetylacetone in acetone mobile phase gave a

well resolved separation of the four metals in TLC. An

t HPLC column packed with this substrate, and using the same
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I mobile phase as in TLC, showed well resolved separation of

Cu+2 , Zn+2 and Ni+2 .. Fe+ 3 was not injected onto the column

because of its extremely long retention time. Detection of

the metals was accomplished by spraying with diphenyl-

I carbazide for TLC and by visible and atomic absorption

spectrometry for HPLC.
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II
IPREFACE

The metal ions Fe + 3, Cu+2 , Ni+2 and Zn+2 have been

difficult to separate in a quick, one-step, chromatogra-

I phic process. Some of these metals, and in a few cases,

all of them have been reported as separable on silica gel,

i alumina, paper, or on these substrates which were impreg-

nated with various reagents. Separation of all four of

these metal ions using bonded stationary phases, however,

* has never been reported.

Bonded stationary phases have the advantage of longer

i i life over plain silica gel coated with a liquid stationary

phase, especially when used within a pH range of 2 to 8 or

with organic mobile phases.

3 This study was undertaken to obtain quick, isocratic,

chromatographic separations of these four metal ions using

bonded stationary phases and to compare these separations

with those using plain silica gel.
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INTRODUCTION

The purpose of this research was to obtain simplell

chromatographic separations of Fe
+ 3 , Cu+2 , Ni +2 and Zn+2

I ions using bonded stationary phases and to compare these

separations with those obtained using plain silica gel.

I Thin-layer chromatography (TLC) was performed on

these four metal ions. Retention factor (Rf) values were

obtained on eight bonded-phase substrates and on two

I silica gel substrates using up to thirty different mobile

phases. High-performance liquid chromatography (HPLC) was

I also performed on these metal ions on one bonded phase

using a single solvent.

Synthesis of bonded-phase substrates is, generally,

g fairly simple. Dried silica gel is reacted with an organic

triethoxysilane. The silanol groups on the surface of

I silica react with the ethoxy groups of the silane as shown

in Equation 1. +1H20)

IOH or OH,0Et

OH + (OEt)-Si-R Toluene -i-R + Et0H
OH 3 or OH DEtBenzene

(silica
gel

surface) Si-R + 2EtOH (1)

I This step is done in benzene or toluene media, or in

aqueous, dilute acetic acid. Curing by heating is done to

ensure complete bond formation between the silica gel

1 1



matrix and the silane as shown in Equation 1.1 The final

product can be used as packing for a chromatography column

and as a substrate (stationary phase) for thin-layer

chromatography. The silylation step can also be accom-

plished using a trichlorosilane in place of a triethoxy-

i silane with similar results.

Optimum loading of silane onto the silica seems to

occur when a mixture of 10 ml of a 10% silylating solution

3 and 5 grams of silica gel is used.
2

The R group in the immobilized chain in Equation 1

3 can be reacted with various organic reagents to add other

functional groups to the chain.

I The chromatographic process which takes place on

I silica gel is primarily physical adsorption. The metal

ions are adsorbed onto and released from the silica sur-

I face at various rates. These rates are contingent upon

ionic charge, pH, solvent polarity, type of solvent, metal

I complex formation constants and reaction reversibility (if

a complexing agent is present), and temperature among

other factors.

SIn bonded-phase chromatography, the process is pre-

dominately partition chromatography. This is analogous to

a solvent extraction process, so the Rf values in TLC or

I~'Leyden, D.E., Luttrell, G.H.; Anal. Chem., _, 1612

(1975).
I 21bid

2
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I the retention times in HPLC of the metal ions are depend-

ent upon their distribution ratios between the stationary

phase and the mobile phase. The distribution ratio is

dependent upon pH, metal complex formation constants,

reversibility and solubility of the metal ion and/or

complex in the mobile phase among other factors.

The silica surface of the bonded-phase substrates

used in this research is only about 10-11% silylated.

I Since this leaves many surface silanol groups available,

both partition and adsorption chromatography occurs.

I Understandably, the actual process or processes oc-

curing can be quite complex. No attempt will be made to

I explain them in detail. However, this research has un-

I covered several interesting separations of the four metal

ions, Fe+ 3 , Cu+2, Ni+2 and Zn+2. Even in cases where no

I separations were obtained, some substrates showed great

promise for the extraction of trace metals in routine

Ipurification of samples or as packing material for a
i"guard" column in HPLC to keep trace metals in a sample

from being retained in an analytical column.I
!
!
1
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II
ILITERATURE REVIEW

Chromatography of metal ions was investigated by

G.M. Schwab and his co-workers as early as 1937. A column

I packed with alumina was used,but, due to the basic nature

of the alumina, ions such as Fe+", Cu+2 and Cr+3 formed

I precipitates which then acted as adsorbents.

Since then, papers have be,n published on separationsI of metal ions and metal complexes on substrates of silica,

I alumina, paper and other materials. Reverse-phase chroma-

tography using substrates impregnated with various rea-

Sgents has also been reported. Other authors reported ex-

traction and separations of metal ions with ion-exchange

resins. However, very few investigators reported metal

3 separation on bonded phases and only two, current articles

report the separation of up to three transition metals on

reverse-phase bonded silica. A summary of some of these

papers is given below.

I Frache and Dadone performed TLC of 60 metal ions on

silica gel without binder using nitric acid/acetone sol-

vent systems. Rf values reported showed Fe+ 3 , Ni+2 and

3 Zn+ 2 or Fe + 3 , Ni + 2 and Cu+ 2 would be separable using a 10%

12N nitric acid/90% acetone solvent system.
2

I They also performed TLC of 61 metal ions on silica

I iSmith, O.C.; Inorganic Chromatography; D. Van
Nostrand Co., Inc., New York, 1953, pp 21.

2 Frache, R., Dadone, A.; Chromatographia, , 49
(1972).

, A'



1gel without binderusing sulfuric acid/acetone solvent
systems. Rf values were reported which indicate that

e i+2and Cu+ 2 are separable with pure acetone. Cu+
2

and Zn+2 did not appear separable using various concentra-

tions of sulfuric acid in acetone.3

3 Frache, e al.reported the separation of Ni from Fe,

Cu and Zn by TLC on silica gel without binder. The solvent

systems used were various concentrations of phosphoric

3 acid in acetone.4

Varshney attempted several TLC separations involving

46 metal ions on silica gel without binder and a methanol/

50% nitric acid (9:1) solvent system. A Fe+ 3 , Ni+2 mixture

I could be separated from a mixture of Cu+2 and Zn+2 , but no

further separation was reported.5

Qureshi and Thakur studied the chromatographic behav-

I ior of 47 metal ions on Silica Gel G using a mobile phase

of IM aqueous sodium chloride solution with 3W5 acetone.

U Ef values reported were: Fe+ 3  (0.00-

0.21), Ni 2 (0.90), Zn+2 (0.00-0.48). The only reported

separation of these four metals was that Ni was separable

from Cu and Zn.
6

3Frache, R., Dadone, A.; Chromatographia, §, 433
(1973).

4Prache, R., Dadone, A., Baffi, F.; Chromatographia,
83 (1976).

5Varshney, R.G.; Curr. Sci., 5, 54 (1976).
6 Qureshi, M., Thakur, J.S.; Sep. Sci., 11, 467

(1976).

I5



I

The oxinates of Cu, Co, and Ni were separated on a

silica column by Hilliard and Freiser by using a 1%

I ethanol in chloroform mobile phase. Retention factors

3 were reported for Cu, Co, Ni, Fe and Al,
7

Rao and Shekar showed a TLC separation of the

xanthates of Cu+2, Ni+2 and Zn+2 on Silica Gel G using

a toluene/benzene (10:1) solvent system.
8

Oksala and Krause reported TLC separation of acetyl-

acetonates of Fe+3, Cu+2 , Ni+2  Co+ 3 and Cr+3 on Silica

Gel GF with a diethyl ether mobile phase. Rf values re-

j ported were: Cr+ 3 (0.93), Co* 3 (0.63), Cu *2 (0.30), Fe* 3

(0.00-0.25), (0.00). From these values, it appears

I that Cu 2 and Ni 2 are easily separable. However, the

i Cu+2 and the Fe+3 Rf values and the elongated spot for

Fe+3 indicate doubtful separability of Fe 3 from Cu+2 or

Uden and Bigley separated diethyldithiocarbamates of

I Cu+ 2 , Ni+2 and Co+3 on a column using 8 1m silica and a

i mobile phase of acetonitrile/diethyl ether/Skelly B (pe-

troleum hydrocarbon) (5:15:80). Detection was by IN and

D.C. argon plasma emission spectroscopy.10

I 7Hilliard, L.B., Freiser, H.; Anal. Chem., 24, 752(1952). . 5
8 Rao A.L.J., Shekar, C.; Fresenius' Z. Anal. Chem.,

I 277, 126 (1976).
90ksala R.H. Jr., Krause, R.A.; Anal. Chim. Acta,

I 85, 351 (197).
lOUden, P.C., Bigley, I.E.; Anal. Chim. Acta, 94, 29

(1977).

1 6
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I-
Lohmueller, et al. attempted TLC separations of sever-

al metal dithizonates, among which were Zn+ 2 Cu+ 2 and

I n+2, on 30-40 m silica and on alumina. Eluents used were

benzene, carbon tetrachloride, tetrahydrofuran, aceto-

nitrile, toluene and chloroform. The metals were eluted in

I the order of Cu >Zn >Ni, but the separation showed overlap

of the sample spots. The authors speculated that separa-

tion on a column would be very difficult.11

I Singh, et a'. attempted TLC separation of morpholine-

4-carbodithioare (MODT) complexes of 10 metal ions on

j Silica Gel G u... various mobile phases. Using n-propanol

as a mobile phase, Rf values were: Ni (0.10), Cu (0.86).

I Using chlorofi-m, Rf values were: Fe (0.12), Ni (0.40), Cu

1 (0.60).1 2 Apparently, these three metals can be separated.

Uden and Walters succeeded in HPLC separation of Cu+2

I and Ni+ 2 Schiff base chelates on l0/m silica. The NN'-

ethylenebis(acetylacetoneimine) complexes of Cu and Ni

I were separated as were the NN,-ethylenebis(salicyldimine)

complexes of Cu and Ni using a methylene chloride/aceto-

nitrile (4:1) solvent system.
1 3

I Gagliardi and Deutschmann reported TLC separation of

S-methyl-H-2(-pyridyl)methylenedithiocarbazate (FMTC)I
Lohmueller, M., Herzmann, P., Ballschmiter, K.; J.

Chromatogr., 1Z7, 165 (1977).
12 Singh, N., Kumar, P., Kansal, B.D.; Chromatographia,

11, 408 (1978).
1 3Uden, P.C., Walters, F.H.; Anal. Chim. Acta, 79, 175

(1975).

, 7
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3 complexes of Fe, Cu, Zn, Co and Pd. An alumina substrate

and a chloroform mobile phase were used.14

I Baffi, et al report the separation of Zn from Ni, Cu

i and Fe by TLC on cellulose using various concentrations of

a tartaric acid, ammonium hydroxide and ethanol mixture as

I a solvent system.1 5

Soljic and Grba obtained successful separation of Ni,

Mn, Co, Cu, Fe and Zn using TLC on cellulose. Rf values

obtainedjusing a solvent system of acetone/hydrochloric

acid/water (86:8:7), were: Ni 2 (0.09), Nm+ 2 (0.20), Co+2

f (0.34), Cu+ 2 (0.60), Fe+ 3 (0.83), Zn+ 2 (0.94). This sep-

aration was also attempted using silica gel but was un-

successful. 16

Kuroda, et al. performed TLC of 41 metal ions on tri-

ethylaminoethyl-cellulose using various hydrochloric acid/

methanol (1:1) solvent systems. Using 1.OM hydrochloric
acid, Rf values were: Fe+ 3 (0.91), Ni+2 (0.94), +2
aci, (.Z4,+ 2 +

(0.87), Zni2 (0.37). For 6.0M hydrochloric acid, Rf valuesNi+ 2  u+2Zn 2 (.)

were: Fe+ 3 (0.79), (0.84), (0.65), Zn+2 (0.42).

For II.2Mj hydrochloric acid, R f values were: Fe+ 3 (0.51),

Ni+ 2 (0.68), Cu+ 2 (0.53), Zn+ 2 (0.48).1 7 The best separa-

14 Ga liardi, E., Deutschmann, G.; Mikrochim. Acta, 2,
I 23 (19765.

1 5Baffi F., Dadone, A., Frache, R.; Chromatographia,

, 280 (1976).
16Soljic, Z., Grba, V.; Z. Anal. Chem., 278, 363

(1976).0
1 7 Kuroda R., Takahashi, T., Oguma, K.; Bull. Chem.

Soc. Jpn., 49, 815 (1976).

1!
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tion appears to be with 6.0Mj hydrochloric acid.

Kuroda, et al. also performed TLC of 47 metal ions on

diethylaminoethyl-cellulose using various concentrations

of aqueous sodium thiosulfate as the mobile phase. Al-

though they reported some separations of some metal ions,

the extremely close or identical Rf values for Fe
+3 , Cu + 2

!f

Ni+ 2 and Zn+ 2 showed that a mixture of these four metals

I was not separable under these conditions.
1 8

Shimizu, et al. investigated TLC of 57 metal ions on

diethylaminoethyl-cellulose using sulfuric acid/ammonium

I sulfate solvent systems of various concentrations. Separa-

tions of Fe+ 3 , Cu+ 2, Ni+ 2 and Zn+2 did not look promising

I ~ue to high Rf values (0.88-1.00) of all these metals with

various concentrations of the solvents,
19

Shimizu, t _l. also attempted TLC separations for 58

I metal ions on carboxymethyl-cellulose with sulfuric acid/

ammonium sulfate solvent systems. These results, also, did

U not look promising for the separation of Fe, Cu, Ni and

Z. 2Shimizu and Kobayashi reported TLC Rf values for 48

metal ions on cellulose phosphate using various concentra-

tions of phosphoric acid as a mobile phase. The Rf valuesI
1 8Kuroda, R., Matusue, H., Oguma, K.; Radioanal.

Chem.1 36, 119 (1977).
l Shimizu, T., Katsuno, M., Iizuka, N.; J.

Chromatogr., 106 230 (1975).I 2 0Shimizu, T. Kogure, Arai, H., Suda, T.;
Chromatographia, 2, 85 (1476).
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I

Ireported indicate possible separations of Fe+3 from
Cu+2, Ni+2 and Zn+2 at concentrations of 1-LM phosphoric

acid.21 No other separations of these four metals looked

I feasible.

TLC separation of Fe, Cu, Ni and Zn appears possible

on a cellulose phosphate substrate using a 0.025M sulfuric

acid/l.OM ammonium sulfate solvent system.
22

Qureshi, e al. performed TLC of 40 metal ions using a

I stannic antimonate substrate. Various aqueous and mixed-

solvent systems were used employing dimethyl sulfoxide,

I hydrochloric acid and nitric acid. No separations for

Fe+ 3, Ni+ 2 , Cu+2 and Zn+2 were reported.
2 3

Qureshi, qt a also used stannic arsenate substrate

for TLC studies of 42 metal ions. Solvent systems employed

were, nitric acid, hydrochloric acid, aqueous sodium

nitrate, arsenic acid and tartaric acid. They reported

separation of Fe+ 2 and Ni+ 2 using l.OM hydrochloric acid

as a solvent, and Ni+
2 and Cu+2 using l.OM nitric acid.

24

Zn+ Dingman, 1 al. report a column separation of Cu
+ 2 ,

9 Ni+ 2 and Co+2 on polyamine-polyurea resins using

I 21 Shimizu, T., Kobayashi, H.; Chromatographia, 10, 611

(1977).
2 2 Shimizu, T., Nakawaza, K., Kikuchi, T.;

Chromatographia, 9, 574 (1976).
2 3 Qureshi, M., Varshney, R.G., Rajput, R.P.S.; Sep.

Sci. 11, 553 (1976).
Qureshi, M., Varshney, R.G., Fatima, N.; Sep. Sci.,1 12, 321 (19773.
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hydrochloric acid as an eluent 
2 5

Huber, et al. attempted column separations of acetyl-

Iacetonates and trifluoroacetylacetonates of Be, Al, Cr,
I Fe, Co, Ni, Cu, Zn, Zr and Ru. The solid support consisted

of diatomaceous earth (Kieselguhr, Merck), while 2,2,4-tri-

metylpentane, ethanol and water was employed as the mo-

bile phase. The promising separations reported were Fe,

Be, Cr and Co and Cu, Be, Ru and Co.
2 6

Probably the first successful attempt to separate

metal ions using reverse-phase chromatography was made

by Erlenmeyer and Dahn. Diatomaceous earth was mixed with

8-hydroxyquinoline and used as the adsorbent in a column.

I Water was the eluent. Among other elements present, four

transition metals were reported separable. Their elution

order was Cu+2 >Ni 2 >Zn+2 >Fe+ 3 . No Rf values were re-

I ported.2 7

Muchova and Jokl reported TLC Rf values for 24 metal

I ions on silica impregnated with tributyl phosphate.

Solvents used were lactic acid, tartaric acid, citric

acid, iminodiacetic acid, nitrilotriacetic acid, glycine

and EDTA. No significant separations of Fe, Cu, Ni and Zn

2 5Dingman, J. Jr., Siggia, S., Barton, C., Hiscock,
K.B., Anal. Chem., 44, 1351 (1972).

2Huber, J.F.K., Kraak, J.C., Veening, H.; Anal.
I Chem., _4, 1554 (1972).

2 7Smith, O.C.; Inorganic Chromatography; D. Van
- Nostrand Co., Inc., New York, 1953, pp 41.

1 11



I

I were reported.
2 8

Rf values for TLC of 15 metal ions on EDTA-impreg-

nated silica were reported by Srivastava and Dua. Two sol-

vent systems were used. Rf values using ethanol/sodium

hydroxide (80:40) were: Cu (0.61), Fe (0.64), Ni (0.57).

Rf values using methanol/sodium hydroxide (60:40) were: Cu

(0.70), Fe (0.73), Ni (0.67). Separation was not complete

due to such close Rf values. 
2 9

Srivastava, et al. used diethylenetriamine impregnated

silica and ethanol/acetone/acetic acid solvent systems to

perform TILC separations of 18 metals. Using ethanol/ace-

tone/acetic acid (70:50:20), Rf values reported were: Zn+2

(0.38), Ni+ 2 (0.42), Fe+ 2 (0.71), Cu+ 2 (0.22). Using the

same solvents in a mixture of (40:20:50), R f values were:
Zn+ 2 (0.39), Ni+2 (0.48), Fe+ 2 (0.84), Cu+ 2 (0.28).30 It

I appears that either of these solvent systems would effect-

ively separate Zn+ 2 , Ni+ 2, Fe+2 and Cu+2 ions.

I Honjo, et al. used cellulose impregnated with mono-

I thiothenoyltrifluoroacetone (STTA) and a pH 5 solvent sys-

tem of hydrochloric acid, pyridine and sodium acetate in

I an attempt to separate metals by TLC. Among the other sep-

j 2 8 Muchova, A., Jokl, V.; Chem. Zvesti, 30, 629 (1976).
2 9 Srivastava S.P., Dua, V.K.; Fresenius' Z. Anal.

Chem., 286, 255 (1977).
30Srivastava, S.P., Dua V.K., Gupta, K.;

Chromatographia, 11, 539 (178).

1 12



arations reported, Fe and Ni+2 were separated.31

Testa used paper impregnated with tri-n-octylamine

and developed with various concentrations of aqueous

hydrochloric acid to separate Fe
+ 3 from Ni +2 and Cu+ 2 ,

and to separate Zn
+ 2 from Ni+ 2 .32

Capitan, et al. reported Rf values for 30 metal ions

on paper impregnated with 5,5'-methylenedisalicylic acid

using solvent systems of butanol/50% nitric acid (7:3),

dioxane/50% nitric acid (1:1), acetone/l0% nitric acid

(7:3) and pyridine/acetic acid (1:1). R values using the

dioxane/nitric acid solvent system were; Fe
+ 3 (1.00), Cu+ 2

(0.74), (0.05). For the acetone/nitric acid system,(047,Cu2 Zn+2

Rf values reported were: Fe
+ 3 (0.47). Cu+ 2 (1.00),

(0.65).33

KoJdl used chelating paper incorporatingo( )-ala-

nine-N,N'-diacetic acid groups in attempts to separate 10

metal ions. Various strengths of hydrochloric acid, were

used as eluents. Ni and Zn separate at pH=2.5. Te and Cu

separate at pH=0.25 and 0.5. Ni can be separated from Cu

and Fe at pH=l.5.4

Separations of Mn +2, Fe+ 3 , Co
+2 , Ni+2 , Cu+ 2 and Zn+ 2

31Honjo, T., Fujioka, Y., Itoh, H., Kiba, T.; Anal.

Chem. , 2241 (1977).

Testa, C.; J. Chromatogr., ., 236 (1961).
33 Capitan, F., Salinas, R., Martinez, J.L.; Ars.

Phar'm., 16, 561 (1975).

34Kojdl, I.; Chromatographia, , 01 (1976).
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I

Iwere attempted on papers impregnated with paraffin, with
zirconium phosphate and with zirconium tungstate using

I various mixtures of hydrochloric acid, n-butanol, iso-

propanol, acetone and diphenyl sulfoxide as the mobile

phases. The best separation of Fe
+ 3 , Ni+ 2 , Cu+ 2 and Zn+ 2

occurred on zirconium phosphate treated paper using the

solvent system of 9.01 hydrochloric acid/n-butanol/acetone

U (l:l:3).35

Singh and Tandon obtained Rf values of 28 metal ions

using hydrous zirconium oxide paper and various aqueous

I mobile phases. Rf values reported show the possibility of

separating Ni, Cu and Zn or Ni, Cu and Fe using a 0.01M

Ihydrochloric acid mobile phase. Ni, Cu, Fe and Zn all ap-
pear to be separable using a 0.5M ammonium chloride mobile

phase or using a mixture of 0.01 moles of hydrochloric

acid and 0.5 moles of ammonium chloride in 1 liter of

water. 36

Qureshi and Sharma report several separations of 48

metal ions on paper impregnated with stannic arsenate. A

solvent system of 1M dimethyl sulfoxide/nitric acid (1:9)

was used to separate Fe + 3 and Ni+ 2 . Rf values reported
were: Fe + 3 (0.00-0.34), Zn+ 2 (0.66-0.90).37

35Durairaj, K., Arulraj, S.J., Patel, C.C.; Indian J.IChem. Sect. A, 15, 46 (1977).
36 Singh, N.J., Tandon, S.N.; Chromatographia, 10, 309

(1977).
(137Qureshi, M., Sharma, S.D.; Chromatographia, 11, 153
(1978).
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I Gaetani, t al. were successful in using bonded-phase

HPLO to separate metal chelates of some A-ketoamines. Two

columns, one using Micropak CH (C1 8-bonded silica, 10#m

3 diameter), and one using silica bonded to r-aminopropyl-

triethoxysilane were used. A mobile phase consisted of

I methanol and 0.006N phosphate or borate buffer. Separation

and detection of Cu+ 2 and Ni+ 2 were reported on both

columns. 38

I Uden, _ al. used bonded-phase HPLC to separate N,N'-

ethylenebis(salicyldimine) complexes of Cu, Ni and Pd on

I 10Am, C l-bonded silica. A mobile phase of acetonitrile/

water (20:80) was used.
39

I Most chromatographic work in the separation of metal

I ions has been done using TLC or paper chromatography. Lit-

tle has been reported using HPLC and even less has been

3 reported using bonded-phase substrates for either TLC or

HPLC separation of metal ions.

3 8Gaetani, E., Laureri C.F., Mangia, A., Parolari,
G.; Anal. Chem., ±8, 1725 Z1976).

39 Uden, P.C., Parees, D.M., Walters, F.H.; Anal.
Lett. 8, 795 (1975).
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I THEORY

The efficiency of a chromatographic separation

I depends basically upon the differences of the rates at

which the solutes are adsorbed onto the stationary phase

in adsorption chromatography, or the differences in the

partition coefficients of the solutes between the station-

ary phase and the mobile phase in partition chromatogra-

Iphy.

Using mathematical models, it is possible to simulate

the behavior of chromatographic systems.

I The distribution coefficient, or the partition co-

efficient, K d, defined in Equation 2, is the ratio of the

I concentration of solute in the stationary phase, C5, to

the concentration of solute in the mobile phase, Cme

I =m0
u s f u i n ne s c r i b i n

An additional parameter useful in describing the per-

I formance of a partition chromatography system is the

capacity factor, k'.

k' M Kd[] (3)

V8 is the volume of the stationary phase and V0 is

I the void volume of the stationary bed (the total internal

column volume less the total volume of the packing).

If a sample mixture is to be separated, its compon-

ents must have different k' values. For a pair of com-

16



ponents, this may be expressed in terms of the ratio of

the distribution coefficients, , the separation factor.U Kd2 k,'

I In thin-layer chromatography (TLC), solute movement

can be quantified by comparing the distance moved by the

solute with that moved by the solvent. This parameter is

I the retention factor, Rf, and is expressed in Equation 5-

R distance moved by solute (5)
f distance moved by solvent front

Rf is related to k' in column chromatography by

Equation 6.

Rf or k' = - (6)
Rf

j Height equivalent to a theoretical plate (HETP or

simply H) is a measure of efficiency of a chromatographic

Isystem.
ILocal plate height, Hl, is defined as the proportion-

ality constant between the differential increase in the

I variance, 2. of a Gaussian profile spot and the differen-

tial length of migration.1

d (@,2) = Hldx (7)

tThe average plate height is derived from measurements

Si70 Guiochon, G., Siouffi, A.; J. Chromatogr. Sci., 16,

470 (1978).
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p

I on developed plates:

3x .j Hdx fxodar 2 ) C= U 2  (8)
x dx x Rf(L - zo )

where L is the final distance of the solvent front above

I the level of the solvent reservoir and z0 is the distance

of the original sample spot above the solvent reservoir

(see Figure 1). 2
r----source

I of
Solvent

I -Original Final 4 -Solvent
Spot Spot Front

t .-- x = Rf(L - zo).-

0 z + Rf(L-zo) .

W-L

Figure 1. Symbols and Coordinates Used in TLC Theory.

In Figure 1, 40*is the effective zone length of the

- final sample spot. It contains approximately 95.55% of the

I total sample, assuming a Gaussian distribution of the

1 2Guiochon, G., Siouffi, A.; J. Chromatogr. Sci., 16,
470 (1978).
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I molecules in the spot.

The parameters given here are approximate due to the

much more complex process of TLC than of column chromatog-

raphy. In TLC, one side of the plate is exposed to a vapor

phase which may not be totally saturated with solvent vap-

or, thus creating a mobile phase flux perpendicular to the

plate. The substrate not yet wetted by the mobile phase is

in contact with the solvent vapor which it progressively

3 adsorbs. This reduces its porosity and increases the ap-

parent velocity of the mobile phase. The mobile phase does

not penetrate all the channels of the substrate simultan-

eously. The solvent is attracted inside the small channels

I where capillary forces are large. This frontal solvent

draws a column of solvent behind it which moves through

larger channels where flow resistance is weaker. From the

solvent front to the back, increasingly larger channels

are filled, resulting in a gradient in the mobile phase

I layer thickness.3

Because of these processes, mobile phase velocity is

a complex function of space and time and TLC theory is not

treated in a rigorous manner. The conventional parameters

(4, k' and Rf) are used since they are complex averages of

I local values.
4

I 3Guiochon, G., Siouffi, A.; J. Chromatogr. Sci., 16,
470 (1978).

4Ibid
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I

I In column chromatography, resolution is a good mea-

sure of the system's efficiency. Resolution, R., is de-

fined as the peak separation divided by the mean peak

5 width for two solutes. The complete equation for resolu-

tion can be written as;

Rs 'ITT' 2P (9)

I where N is the number of theoretical plates and;

FI - ki kp (10)

I For baseline separation or "just resolved" solutes,

Rs = 1.5. If the desired degree of separation or R value

is known, the number of plates the column possesses can be

I determined using Equation 9.
5

The efficiency of a column in terms of N can also be

I ~etermined from the peak of a single solute using either

Equation 11 or Equation 12.

N = 16 (11)

N [ ].54 (12)

Figure 2 shows the parameters used in these equa-

tions. Vk is the adjusted solute retention valume, the

1 retention volume (VR) minus VO. W is the peak width, and

S5Knox, J.H.; J. Chromatogr. Sci., 5, 352 (1977).
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i

iWA is the peak half-width (the width of the peak at one-

half of the peak height).

I

n VoV

Il
IN

I Figure 2. Chromatogram Showing Parameters Needed to Calc-

ulate N.I
The number of theoretical plates also depends upon the

the type of solute, flow rate of the mobile phase, temper-

ature, method of sample introduction and column length.

Hence, changing these parameters might be attempted in

j order to increase N and increase the efficiency of a

column.

I
I
I

J !2i
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I EXPERImENTAL

Substrates

Approximately 300 thin-layer chromatograms were made

during the course of this research using two types of

silica gel substrates and eight bonded-phase substrates.

I The two types of silica used were Silica Gel G:

(Type 60) for TLC (E. Merck, Darmstadt, Germany) and

ISilica Gel 7 (J.T. Baker: "Baker TLC Reagent"). Silica Gel

f7 is pure silica of particle sizes approximately 40 pm.

Silica Gel G is 87% 63-200#m silica and 13% calcium sul-

fate binder.

All eight bonded-phase substrates were made using

Silica Gel 7 and performing silylation reactions and var-

ious organic syntheses which will be discussed later in

detail. Below are the eight bonded-phase substrates and

their chemical structures.

1. Z-6020 Amine 0
o0-Si(CHo HC

2. Z602 Dihioarbmat0' S i  2 ) N (CH2 )2 N\
C =

13. Z-6020 bis-Dithiocarbamate 0% OH
0 SiC 2)N(CH2 )2Nc
0 2 C=S

S-

I-
1 22
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3 .f Z-6020O-Diketone-1 0., eH
0-Si(CH 2) NH(CH 2)2 N%

+ ~

O) Si(C CHIHN=-
(co H 2) 3N ( 2)2 2 NC 2 -CO-C

003 0(J

5. Z-6020 J-Diketone-2 O\ ,

IfI
o 0

0 +

L C 3i(0H 2)3 3IH(CH 2 )2 NC-CH2-C-O-CH

6. Z-6O20)9-Dikcetone-3 O\ AH
.g;si(112) 3NBH(CH 2)2 "N\ C 2CC

00

I I g~5si(CH5)3xNH( CH )N=C-CH 2 c0

L 0]

7. Z-6020 Arylamine 0%s eC2 3N( H

0

8. V-Amine0

I 0Ol8i(CH) NIH2

3 23



34. Z-6020 0-Diketone-1 0.
0-Si(H) N A(H2)N

0 0
+

0%Si(CH) CE2 )H 2 NCH -C-0CH
I0 2 3  2)2 6 2  H1

5. Z-6020.8-Diketone-2 0, AH
0 Si(CH )NH(CH )N\I0 2) ) C-0112-C-CE3

0 1 0
+ 0 0[ Ci(CH2)3 NH(CH 2)2N=C-cH2-c-o-CH

C3 0j

I6. Z-6020 B-Diketone-3 O\ /H
0-si(CH2) 5NH(CH2)2N\

I/ \C 2-C-CF3
00

I +

j N i(C H ) NH (C E2  N= -C H 2 
C -C02 

)2 22 
5

I 7.Z-6020 Azrylamine eHi H2 3 H(C 1 )N

0'0

8. V-Amine 0
O;Si(CH2 )3 N

* 23



For the three Z-6020A-Diketones, a mixture of two

structures was produced.I The first one (not in parenthe-

ses) is the structure of interest, and is the one that is

more effective in the partitioning of the metals between

the stationary phase and the mobile phase during chroma-

tographic runs.

Synthesis of Substrates

1. Z-6020 Amine

To synthesize Z-6020 Amine, 180 grams of Silica Gel 7

was vacuum dried at 1200 C, 28 in Hg, for 24 hours. The

dried silica was then mixed with 972 ml of toluene and 108

ml of 3-(2-aminoethylamino)propyltrimethoxysilane (Dow

Corning Z-6020 Silane) in a 2000 ml round-bottom flask.

The mixture was refluxed for approximately 6 hours and

then filtered and washed with toluene, isopropanol, ace-

tone, methanol and acetone again. It was then vacuum dried

at 1000 C for about 1 hour and stored in a container at

room temperature. C, H, N analyses confirmed the amine

structure and showed l0-11% loading on the silica surface.

2. Z-6020 Dithiocarbamate

Z-6020 Amine (60 grams) was added to 200 ml of ben-

zene, 40 ml of isopropanol, 40 ml of carbon disulfide, and

10 ml of a 10% tetramethylammonium hydroxide solution in

methanol, and stirred for 20 minutes. The mixture was

iChow, F.K., Grushka, E., Anal. Chem., 50, 1346
(1978).
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filtered, washed with isopropanol, air dried at room temp-

erature and stored in a refrigerator.2

3. Z-6020 Is-Dithiocarbamate

I Z-6020 Amine (60 grams) was added to 300 ml of dis-

tilled water, 75 ml of 0.25N sodium hydroxide, 75 ml of

I isopropanol and 60 ml of carbon disulfide Pnd stirred for

20 minutes. The mixture was filtered, washed with isoprop-

U anol, air dried at room temperature and stored in a re-

I frigerator.3

4. Z-6020 1 -Diketone-1

I Z-6020 Amine (60 grams) was added to 648 ml of tolu-

ene and 72 ml of ethyl benzoylacetate (Aldrich Chemical

ICo. or Eastman Kodak Co.) in a 2000 ml round-bottom flask.

The mixture was refluxed for approximately 6 hours, fil-

tered, washed with toluene, isopropanol and acetone, air

j dried at room temperature and stored in a dessicator over

calcium chloride.

IThe resultant powder was a mixture of two products as

shown previously on page 23. However, the first product,

the P-diketonewas the one of interest.
4

1 5. Z-6020 -Diketone-2

Z-6020 Amine (60 grams) was added to 648 ml of tolu-I
2Leyden, D.E., Luttrell, G.H.; Anal. Chem., E, 16121 (1975).
31bid.
4 Chow, F.K., Grushka, E.; Anal. Chem., 50, 1346

(1978).
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I ene and 72 ml of ethyl acetoacetate (Aldrich Chemical Co.)

in a 2000 ml round-bottom flask. The mixture was refluxed

for approximately 6 hours, filtered, washed with toluene,

I isopropanol.and acetone, allowed to air dry at room temp-

erature, and stored in a dessicator over calcium chloride.

I Two products, again, were present as shown on page

23, but, again, the first product, the A-diketonewas the

I one of interest.

6. Z-6020 I-Diketone-3

Z-6020 Amine (21 grams) was added to 225 ml of tolu-

I ene and 25 ml of ethyl 4,4,4 trifluoroacetoacetate (Al-

drich Chemical Co.) in a 500 ml round-bottom flask and

I refluxed for 6 hours. The mixture was filtered, washed

with toluene, isopropanol and acetone, allowed to air dry

at room temperature, and stored in a dessicator over

calcium chloride.

The two products shown on page 23 were present. The

first product, the $-diketone was the one of interest.

7. Z-6020 Arylamine

Z-6020 Amine (120 grams) was mixed with 26.64 grams

of j-nitrobenzoyl chloride dissolved in 1140 ml of chloro-

form and 60 ml of triethylamine. The mixture was stirred

for 2 hours, filtered, washed with chloroform and air

dried at room temperature. This product was added to 25

grams of sodium dithionite in 1000 ml of distilled water,

boiled and stirred for 30 minutes. The mixture was fil-

26



Itered, washed with distilled water and then acetone, air

dried at room temperature, and stored in a dessicator over

H calcium chloride.
5

8. I-Amine

Silica Gel 7 (175 grams) was vacuum dried at 1200 C,

28 in Hg, for 24 hours. The dried silica was mixed with

945 ml of toluene and 105 ml of Y-aminopropyltriethoxy-

I silane (Pierce Chemical Co.) in a 2000 ml round-bottom

Iflask. The mixture was refluxed for 6 hours, filtered,
washed with toluene, isopropanol, acetone, methanol and

acetone again, air dried at room temperature and stored

in a dessicator over calcium chloride.6 (Note: A sample

of Y-Amine which was vacuum dried at 1000 C turned

brownish-yellow, possibly due to oxidation to a nitro

compound.)

Manufacture of TLC Plates

The substrate to be used was coated as a 0.25 mm

thick layer on 20 cm x 20 cm glass plates. The plates were

thoroughly washed with water and detergent and dried

before coating. Five of these plates were placed in a

I plastic jig as shown in Figure 3 and wiped clean with ace-

tone. A slurry of the substrate to be used was made in ac-

Icordance with the quantities shown in Table I.
1~ 5weetall, H.H.; Biochim. Biophys. Acta, 212, 1

(1970).
6 Chows F.K., Grushka, E.; Anal. Chem., 50, 1346(1978).

* 27

I



I

Jpreac

Figure 3. Preparation of TLC Plates.

The slurry was placed in a Desaga-Brinkman variable-

thickness spreader set at 0.25 mm layer thickness. The

spreader was then drawn smoothly over each plate and the

plates were allowed to air dry (see Figure 3). The middle

three plates were inspected for uniformity of layer thick-
0

ness and set aside for "scoring." Plates number one and

five were used to catch excess slurry. The substrate was

scraped from them, dried and stored for reuse.

After the coated plates had dried, they were

"scored." A thin spatula blade was used to scrape away

thin lines of substrate from the plates in a pattern shown

I in Figure 4.

1 28
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I TABLE I. Preparation of Substrate Slurries for TLC Plates

(Enough Material to Cover 3 - 20 x 20 cm Glass

I

I - - - °
0 0

P4 0 0 0 0 0 P P
S0 0 0 9 0 0 P 0P4 04 P4 04 P4 4 Q 0

H 0 0 0 0 0 0 0

H P4444 R~~ 4 P4 P4 I II
0I H H H H

I

0 0 0 0 0 0 0 0 0r4.

I H (oo

00 0 00 a\

.0 .0 0 0 0 0 0 0 0 0

0 4-)

N . 0 .rI I I

Id P
00 0 00 a

*,4 *c40 r 0 Q
'. o A. ' 0 ' 0 '0 '0

*i.4 H*rI 4 I P P A

W! ca) N N- N N- N N N
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cm m cm cm cm cm

S20 cm x 20cm Square Glass Plate (Coated)

Figure 4;. "Scoring" Pattern of a TLC PlateI
I In this manner, six different samples could be spot-

ted on one plate (one sample in each 3-cm wide strip) and

developed simultaneously with minimal interference between

samples (i.e., latitudinal spreading).

I The marks 2 cm from the lower edge of the plate are

I the spotting marks and serve as the location for a line

on which the samples are spotted and the "zero" point for

R f measurements.

1 30
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The line 12 cm from the lower edge of the plate pre-

vents the developing solvent from travelling any farther

I Ithan 12 cm up the plate. This line, being 10 cm from the

I spotting marks allows sufficient development time and

simplifies calculation of Rf values.

3 Samples of 1% aqueous solutions of ferric, cupric,

nickel and zinc perchlorates were spotted onto the fin-

I ished TLC plates. The perchlorates were reagent grade and

3 obtained from G. Frederick Smith Chemical Co.

Generally, 1.0-1.5,#l of aqueous solution (l0-15/Ag

I of perchlorate) per spot were applied to the plates by a

Hamilton 10lA syringe along the spotting line (see Figure
| 5)-

The exceptions to this were the plates coated with

substrates of either Z-6020A-Diketone-1 or Z-6020 0-Dike-

Itone-3. Both of these substrates are water repellent and
could not be spotted with purely aqueous solutions. A

Isolution of 60% aqueous metal perchlorate and 40% iso-
propanol could be spotted easily onto these plates.

Approximately 2.0,Al of this solution (12^g of sample)

jper spot were applied to the plate.

Development and Detection

IThe spotted TLC plates were developed in a glass tank

Ishown in Figure 6 using ascending solvent development. The
internal volume of the tank is approximately 5 liters. In

Iorder to assist in saturation of the atmosphere inside the

!31



I tank, the walls were lined with Whatman No. 1 filter paper

which was saturated with the developing solvent.

!

ibo
.1-

0

0... -. ... . -.... ..

I

Fe+3 Cu+ 2 Ni+ 2 Zn 2

Figure 5. TLC Plate ShowingMetal Perchlorate Samples.

Approximately 100-150 ml of solvent were added to the.

tank. This gave a solvent depth of about 5 mm. The tank

was covered with a glass lid and the tank atmosphere was

allowed to equilibrate for about 20 minutes. The TLC plate

- was inserted into the tank and allowed to develop. All

plate developments were carried out at temperatures be-

tween 21 and 240 C. Development times ranged from 10 to

90 minutes depending upon the solvent and substrate used.
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IFigure 6 Development of a TLC Plate.

I After the developing solvent front reached the fin-

iishing line, the plate was removed from the tank and al-

lowed to air dry in a vertical position.

Sample spots were detected by spraying the developed

plate with 1% diphenylcarbazide (DPC) in ethanol (see Fig-

I ure 7). The colors of the metal-DPC complexes are: Fe (or-

ange-brown), Cu (violet-brown), Ni (purple-pink), Zn

(pink). In some cases, the plate was also sprayed with 1%

I aqueous potassium ferrocyanide. This colored the Fe spot

blue and facilitated detection when the Fe-DPC spot was

I too faint.

After detection, each plate was numbered and photo-

graphed, giving a permanent record of the chromatograms.

j The distance of each sample spot from the spotting
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I marks was measured and Rf values were calculated.

I TLC Plate

, (_Aiii

Figure 7.Detection of Sample Spots By Spraying With A

I Complexing Reagent.

i HPLC Separations

Three HPLC columns were made using 2 mm I.D. Type 316

stainless steel tubing and Waters Associates minimum dead-

I volume fittings. Column lengths were 60, 30 and 15 cm.

Io

Z-6020 A-Diketone-3 was packed into each column using the

I modified tap-fill dry packing method reported by Kirkland.

Plate heights on the order of 0.2 to 0.3 mm for a 1 cm/secI mobile 7.D velocity wer obtained using this technique

i for Zipaxin(lessm) s, packing material. e

P e7Kirkltd, J.J.; J. Chromatogr. Sci, mO, 129 (1972).
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The inlet of each column, in turn, was connec', ta t

Waters Associates HFLU pump and loop injector s,stef;T..

column was fed into a VYarkson 0.5 ml capacity flow-cell

which was housed in a Beckman DB UV/Visible spectropno-

tometer. The Beckman DB was hooked-up to a chart recorder

and a lOX scale expander. The system set-up is shown In

Figure 8.

- Waters Assoc. hiC

a .k ump and Injector Unit

!," o-Column"

Spectrophotome',er"

Figure 8. HPLC Equipment Set-Up.

Sample solutions of the perchlorates of Cu, "n ana .i

were prepared for use in the liELC unit. ;olution A was

0.05 grams of cupric perchlorate in 5 ml of 10: trifluoro-

acetylacetone (TFiA) in acetone (10,OO0 ppm Cu). 6olution

B was 0.05 grams of zinc perchlorate In 5 ml of 10. tri-

fluoroacetylacetone (TPAA) in acetone (10,000 ppm Zin).

Solution C was 0.05 grams of nickel perchlorate in 5 ml of

I .4

I
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10% trifluoroacetylacetone (TFAA) in acetone (10,000 ppm

Ni).

Chromatograms were obtained for Cu, Zn and Ni at

F various flow rates of the 10% TFAA in acetone mobile phase

in the following ways.

I 1). With the spectrophotometer wavelength dial set at

368 nm, l0,9l of Solution A was injected into the HPLC

unit. From absorbance curves previously run between 320

and 800 nm, 368 nm was indicated as the wavelength of

maximum absorbance of the Cu-TFAA solution.

2). Several 10#1 samples of Solution B were injected

into the HPLC unit. The spectrophotometer wavelength dial

was set at a different value between 340 and 410 nm for

I each run.

3). Two, 1 0 A 1 samples of Solution C were injected

I into the HPLC unit. The detection wavelengths were 368 and

373
I " In each instance, the HPLC runs were carried out

until complete peaks were observed or, if no peak was ob-

served, until a large amount of time had elapsed
i I (i.e.,> 25 rain).

After considering flow rates, pump back-pressure and

sample retention times, it was decided to employ the 30 cm

j |long column for the remainder of the HPLC research.

Chromatograms were obtained for four, 2 1 samples of

I Solution A (Cu) injected onto the 30 cm column at mobile

1( 36
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II

I phase flow rates of 0.5, 1.0, 1.5 and 2.0 ml/min. From the

parameters obtained from the Cu peaks, HETP was calculated

I at each of the four flow rates and plotted against flow

Irate in order to obtain the optimum flow rate.
A sample mixture of 8 #1 of Solution C (Ni) and 21

I of Solution A (Cu) was injected onto the column in order

to ,btain the Cu and the Ni retention times. The flow

rate of the mobile phase (10' TFAA in acetone) was 1.0

j ml/min.

Solutions A, B, and C were all diluted ten-fold with

10% TFAA in acetone to form Solution D (1,000 ppm Cu),

Solution E (1,000 ppm Zn) and Solution F (1,000 ppm Ni),

respectively. One ml each of Solutions D, E and F were

mixed together to form Solution G.

The tubing at the column outlet was disconnected and

0,Al of Solution G was injected onto the column with the

10% TFAA in acetone mobile phase flow rate set at 1.0

ml/min.

Samples of eluent from the column outlet were col-

lected continuously in 15-second intervals for a 7-minute

period. Each of these 28 samples was diluted up to 20 ml

with acetone and analyzed for Cu, Zn and Ni using a

I Perkin-Elmer Model 303 Atomic Absorption Spectrophoto-

meter. The percent absorption readings obtained were con-

verted into absorbance units and plotted against the el-

I uent volume for each metal. Finally, a chromatogram show-
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i ing the retention times of all three metals was con-

I structed.

I
I

I

I

!'

I
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I RESULTS AND DISCUSSICN

% Loading and Structure Conformation
Samples of the substrates of Z-6020 Amine and Y-Amine

I were sent to M-H-W Laboratories; Phoenix, Arizona for C,

H, N analyses.

IThe Z-6020 Amine samples showed silica surface load-

ings of 10.00% to 10.835. Of this 10-11% loading, the the-

Ioretical percentages of C, H and N in the chain are 59.4;0,
12.9% and 27.7%, respectively. The largest deviation from

theoretical percentages was in a sample containing 66.86%

jC, 11.27% H and 21.87% N. The relative deviations were

12.56% for C, 12.64% for H and 21.05% for N.

The I-Amine samples showed silica surface loadings of

6.00% to 7.70%. Theoretical percentages of C, H and N in

the chain are 62.1%, 13.8% and 24.1l%,respectively. The

greatest deviation from this was a sample containing

72.08% C, 13.000 H and 23.96% N. The relative deviations

were 16.07% for C, 6.15% for H and 0.58% for N.

Both the Z-6020 Amine and the y-Amine structures were

more or less confirmed by the percentages of C, H and N in

I the immobilized chain. The disparity in the N percentage

in the Z-6020 Amine may be due to matrix effects on the

inner nitrogen in the immobilized chain.

Thin-Layer Chromatography (TLC)

TLC plates using 2 types of silica gel substrates and

18 b(:ded-phase substrates were developed with various mo-

1 39
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Ibile phases. Tables II and III and Tables V through XII
show Rf values for Fe+ 3 , Cu+2, Ni +2 and Zn+ 2 ions on the

I ten different substrates.

I Two or more TLC runs were made for most of the com-

binations of stationary phases and mobile phases. R f

values listed are the mean values of several identical

runs. Rf values were reproducible to within 20% for all

I runs and to within 4 for 99% of all the runs.

I One of four symbols may appear in the Rf tables,

above or in place of the Rf value. These symbols are ex-

I plained below.

- Sample spot was too faint to be detected.

* Tailing or excessive spot elongation existed.

+ Fronting existed (the bulk of the spot was at

a lower portion of the plate than the rest

of the spot).

? Sample spot was very faint (possibility of error

I in measurement and Rf value).

ISome of the mobile phases used on the Silica Gel 7

substrate were pH buffers. The amounts of the constituents

of these buffers are shown in Table IV. Figure 9 shows

graphs Qf the Rf values of the four metal ions for various

values of pH.
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I TABLE II. Rf Values for Metal Ions On Silica Gel G

Stationary Phase With Various Mobile Phases.
IL

1MOBILE liiASE - i ! :
Fe+3 Cu : +C zn 2

__0.00 .08 .69 .07
Acetone

Ethanol 
.02 .Ol

-- _0.001 .01 .05 .01

12M HC

i6F, H 2 S4

10% 12M HC1

IOQ Acetone - .6 .44 -

10% 0.5 eHC1
gO% Acetone - .08 .15 .27
10% 0.l_ HCI

90% Acetone 0.00 .01 .05 .08
906 O.1i HCZ

10% Acetone - .34 .74 .40
90% O.IM H2So 4

In% ngtnA,801 994 -13 1O Arnetnnp QL~ .~.

90% O.lM HNO 3
10% Acetone .6§ .91 -

I 50% H20
50% Acetone 0.0 - - -
11M Ethylenediamine -

in H20 Q.OC - .76 -
0.1M Ethylenediamine , * *

I inH 20 .01 .28 .9 .28

10% Acetylacetone *

-in Acetone 8 .83 .45 .55
10% Trifluoroacetylacetone
in Acetone ,8 .82 .73 .80

10% Hexafluoroacetylacetone ,

in Acetone 1 .45 ._4 21 j .38
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I

TABLE II. Rf Values for Metal Ions On Silica Gel G

Stationary Phase With Various Mobile Phases

(cont.).

MOBILE ?hiE- ?AL !CY-

Fe+3 Cu :- 17
+

2% l-Benzoylacetone

in Acetone .79 .70 .14
2% Dibenzoylmethane ,

in Acetone .5 .51 .45 .50
2% Benzoyltrifluoroacetone , *

in Acetone .1 .13 .16 .15
2% Salicylaldehyde * ,

in Ethanol ,O? .59 .671 .0
2% Salicylaldoxime ,

in Chloroform .02 .32 .4i 0.00
1I b-Hydroxyquinoline

in Chloroform 0.00 .02 0.00 0.00

0.2% Dithiooxamide

in Ethanol O.O 0.O0 0.00 0.00
1% Dimethylglyoxime
in Ethanol . ..0.00 . .0 .01
2% Sodium Diethyldithiocarbamate

in Acetone ?61 .? .-74 -
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TABLE 111. Values for Metal Ions On Silica Gel 7

Stationary Phase With Various Mobile Phases.

MOBILE PHASE - 1FTAL TC;

Fe + 5 Cu +2. +2 zn2
H20 • • •

H___(pHl.O_)_0.00 .07 .19 .10
HCl (p11=1.00)

I HU0 (pH=2.00) -. 941 99 .99 -

.101 .53 .61 .51
0Hc1 (pH=3.00) * .

___ __ __ __ ___ __ __ __ ___ __ __ __ .011 .12 .19 .181

90% 01ljvj H2S04
! 10 Acetone - .66 . . 0
1M Ethylenediamine ,
in H2 0 0.00 .10 .09 .10
O.IM Ethylenediamine * •
in 020 .0 .21 .3 .25

lF- Ethylenediamine

in Acetone 0.00 0.00 0.00 0.00
O.lM Ethylenediamine

in Acetone 0.00 0.00 .02 0.00
10% Acetylacetone . ,

in Acetone .72 .71 .55 .63
10* Trifluoroacetylacetone

in Acetone .70 .68 .68 .69
2% l-Benzoylacetone , .

in Acetone .6 .69 .65 .45
2% Dibenzoylmethane *

in Acetone .811 .8 -7 .59
2% Benzoyltrifluoroacetone

in Acetone .8 .80 .82 .79
2% Salicylaldehyde * *
i n Ethanol .24 .78 ,8 .24

2% Salicylaldoxime 8
hloroform .11 .59 .J .01

1% 8-Hydroxyquinoline
in Chloroform ... 0j .07 .01 .02
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I TABLE III. Rf Values for Metal Ions On Silica Gel 7

Stationary Phase With Various Mobile Phases

(cont.).

MOBILE PHASE 1CB~'7 Fe3 u+ +2 2 n + 2

0.2% Dithiooxamide + + + +

in Ethanol .05 .08 .12 .10
1% Dimethylglyoxime
in Ethanol .02 .65 .07 .10

2% Sodium Diethyldithiocarbamate + + + +
in H20 .01 .01 .01 .01

S2~2 Sodium Diethyldithiocarbamate , * , ,

in Acetone .44 .40 .43 .45
pH 1.00 Buffer

.70 .87 .97 .86

pH 1.50 Buffer
I.21 -97 .99 .95

pH 2.00 Buffer , 95

_04 .69 .94 .69

pH 2.50 Buffer

_ _ _ _ _151 .91 .941 .92
pH 3.00 Buffer .

Bf.14 .89 .92 .85
pH 4.00 Buffer

pH 5.00 Buffer 
.3.3 9 8

.0' .95 .3.96 .83
pH 6.00 Buffer * ,

,01 .11 .90 .11I pH 7.00 Buffer * *

44 - -og -. .09
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TABLE IV. pH Buffer Solutions Used With Silica Gel 7

TLC Plates.1

- 0
H r-4 04

o 0 0 u
0

O 0 0 0 U

H H Hd0I 0 C) H r- q H , 1 4

1 11 2I 00 K \ 0 \D 00 0
N N N w N , O,

ooo00000 2

OH H ND H Hq

H a 0 S 0 0 N 0' 0
4z -P 4-w 4-D C>0 - U\ us uO us us

LIN 0 %D0 H- H H H +4-r
0 o C N 0 s l a 19D-

+ +- + 4- P 4- *) 4-' 0 0 r

i- e- , - P4 Ii N O

4 lI

N~ ~ N- NH H H H H H bo

8 N N; 8\ u' 8~ C; C 04

001 0 000 0 00 4
Lr 0 U 0 0"

H HN UN n n n r

Id

1Weast, R.C.; CRC Handbook of Chemistry and Physics,I 54fth Edition; CRC Press, Cleveland, 1973, pp D-113.
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S1.0 *1.0

I 0.8 0.8 I

0.6 0.6

0.4 0.4

012 0.2

0.0 0.0
1 4'5 6 7 1,2, 3 4 5 6 7

"pH. pH

Fe+3  Cu+2

I
1.0 l.o

0.8 0.8

0.6 •0.6
Rf Rf

o 0.4 0.4

0.2 0.2

0.0 0..0
12 34 5 6 7 1 2 3 4 5 67

pH pH

Ni + 2  Zn + 2

.Figure 9. Graphs of Rf vs. pH for Metal Ions On Silica

1 Gel 7 Stationary Phase.
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I TABLE V. Rf Values for Metal Ions On Z-6020 Amine

Stationary Phase With Various Mobile Phases.

MOBILE i.IASE - -

2Fe+5 Cu+2 :i+ Zn$ 2

H20
....... 0.00 0.00 0.00 0.00

Benzene

_________________________~0.00 .00 U 0.00
1 HCl (pH=l.00)

.02 .01 .05 .01IIM Ethylenediamine
in H2 0 0.00 .98 .98 .02

0.iV Ethylenediamine
in H20 0.00 .11 .26 0.00

IM Ethylenediamine

in Ac--nnp Q1 0 041 .04 0.00
OwlM Ethylenediamine

in Aentnnvp .00 .02 -XU 0.00
10% Acetylacetone

in Acetone 0.00 .09 0.00 0.00

10% Trifluoroacetylacetone

in Acetone 0.00 0.00 .02 .06
2% l-Benzoylacetone

in Acetone 0.00 .02 0.00 .01
2% Dibenzoylmethane

in Acetone 0.00 0.00 0.00 0.00
2% Benzoyltrifluoroacetone

in Anetnn _ 0.0 .06 0.00 .
2% Salicylaldehyde

-1-n RF1hnnl 0-0 0.00 0.00 Q.00
2% Salicylaldoxime

in Chlorpform 0.00 .15 0.00 .01
1% 8-Hydroxyquinoline

in Ethanol 0.00 - 0.00 0.00
2% 8-Hydroxyquinoline

in Benzene 0.0 .12 0.0 0.00
1% Dimethylglyoxime - -

in Ethanol 10.00 0.00 0.00 0.00
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I TABLE V. R Values for Metal Ions On Z-6020 Amine

Stationary Phase With Various Mobile Phases

(cont.).

I MUBILL i HASE -. ETL IC-

Fe+3 Cu+ 2  i zn+

i 2% Sodium Diethyldithiocarbamate
in Ar nn ,00 27 2 .21

I
I- - - -

I__ _ _ _ _ _ _ _ _ _ _ _ _

I1 _ _ _ _ ___

I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I__ _ _ _ _ _ _ _ _ _- - - -

I
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TABLE VI. Rf Values for Metal Ions On Z-6020 Dithiocarbam-

ate Stationary Phase With Various Mobile Phases.

OD1OiILE 1hAS- I.]ELI ,C
Fe+3 Cu+1 2  

n + 2

3 IM Ethylenediamine
in HPO 0.00 0.0010.00-

1M Ethylenediamine

in Acetone 0.00 ,23- -

10% Acetylacetone

in Acetone 0.00 0.00 0.00 0.00
2% Salicylaldehyde

in Ethanol 0.00 0.00 0.00 0.00
2% Salicylaldoxime

in Chloroform 0.00 0.00 0.00 0.00
1% 8-Hydroxyquinoline

in Chloroform 0.00 0.00 0.00 0.00
1% Dimethylglyoxime-

in Ethanol 0.00 0.00 0.00 0.00
2% Sodium Diethyldithiocarbamate
in H2 0 0.0010.00 0.00 0.00

2% Sodium Diethyldithiocarbamate - - j-
in Acetone .A .31 .31  .30
2% Sodium Diethyldithiocarbamate

I in Ethanol .40 .49 .48 -
2% Sodium Diethyldithiocarbamate

in Isopropanol . 5 .3 -

I49
I



I

I TABLE VII. Rf Values for Metal Ions On Z-6020 bis-Dithio-

carbamate Stationary Phase With Various Mobile

Phases.

MOBILE PHASE -i,. T C

Fe+3 Cur i 2  + L

2% Sodium Diethyldithiocarbamate
in H2 0 0.00 0.00 0.00 0.00
2% Sodium Diethyldithiocarbamate

in Acetone .25 .27 .27 .12
2% Sodium Diethyldithiocarbamate
in (505 Acetone + 50% H20) 0.00 0.00 .01 .02

2% Sodium Diethyldithiocarbamate

in (50% Acetone + 50 % Benzene) .18 .14 .15 .08I

I
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I TABLE VIII. Values for Metal Ions Cn Z-6020 0-Diketone-

1 Stationary Phase With Various Mobile Phases.

MOBILE IIiAS2 i.iE2 . C -

Fe +
_ Cu

1M Ethylenediamine

in Inatong 0.00 - - -

10% Acetylacetone *

in Acetone 0.00 .68 .02 .05~10% Trifluoroacetylacetone

in Acetone 0.00 .75 .01 .03
10% Hexafluoroacetylacetone
in Acetone .05 .05 .01 .011

2% 1-Benzoylacetone

I in Acetone 0.00 .1910.00 .01

25 Dibenzoylmethane

in Acetone 0.00 .18 0.00 0.00

2% Benzoyltrifluoroacetone

in Acetone 0.00 .29 0.00 .01

2% Salicylaldoxime

in Chlorofor 0.00 .4; .34 .04

2% 8-Hydroxyquinoline

in Chloroform -t0 .75 - -

0.2% Dithiooxamide

In Ethanol 0.00 0.00 0.00 0.00
1% Dimethylglyoxime
in Ethanol 0.00 .13 0.00 0.00

2% Sodium Diethyldithiocarbamate

in Acetone 0.00 .48 .48 -

1 51I
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I TABLE IX. Rf Values for Metal Ions On Z-6020 A-Diketone-2

Stationary Phase With Various Mobile Phases.

NBILE ?HASE KI 7 -

Fe+3 Cu 2  n +

iM Ethylenediamine ?
in H 2 O 0.00 .96 .97 .05

0.lM Ethylenediamine ? ?
I in H20 0.00 .99 .99 .04

10% Acetylacetone

in Acetone 0.00 .70 .05 .03
I 10% Trifluoroacetylaceone

in Acetone 0.00 .70 .01 .02

I 2% 1-Benzoylacetone
i n Anptnne 0.00 .60 03 .02

i'!2% Dibenzoylmethane

I in Acetone 00 5 .01 .01
2% Benzoyltrifluoroacetone

in Acetone 0.00 .42 0.00 .02
2% Salicylaldehyde

in Ethanol 0.00 .02 .08 0.00
2% Salicylaldoxime , *

.in Q hlnnf rm .04 .45 .45 .02
1% 8-Hydroxyquinoline +

n Chl orm 0.0 .661 .07 .10
0.2% Dithiooxamide

in Ethanol O.OC 0.00 0.0C 0.00
1% Dimethylglyoxime

in Ethanol 0.0 -5L .01 0.00

2;'V Sodium Diethyldithiocarbamate
in H20 0.OCO.OC .02 .01
2% Sodium Diethyldithiocarbamate +

I in Acetone O.OC .40 .38 .22

* 52
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I TABLE X. Rf Values for Metal Ions On Z-6020 P-Diketone-3

Stationary Phase With Various Mobile Phases.

N-OBILE -A ->T TC -

Fe+) Cu+ 2  i 2 n

11 Ethylenediamine

I in ACetone 0.00 .02 O.0 .01
10% Acetylacetone

in Acetone 0.00 .16 .03 .03
10% Trifluoroacetylacetone

in Acetone 0.00 .81 .12 .41
2% 1-Benzoylacetone

in Acetone 0.00 .03 .01 .0-1
2% Benzoyltrifluoroacezone

in Acetone 0.00 . .0 .24
2% Salicylaldoxime

in Chloroform 0.00 ..61 .60 .01
1% 8-Hydroxyquinoline
in Chloroform 0.00 .66 .06 .061 1% Dimethylglyoxime
in Ethanol 0.00 .01 0.00 0.00

531
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TABLE XI. R Values for Metal Ions On Z-6020 Arylamine

Stationary Phase With Various Mobile Phases.

OBILE i-1iASL -E I.. 

FeICU zri+  7
1M Ethylenediamine
in H2O 0.00 .92 .96 .01
O.lN Ethylenediamine
in 120 0,00 045 .49 .01

SI Ethylenediamine

in Acetone 0.00 .01 -
I 0olF Ethylenediamine

in Acetone 0.00 0.00 0.00 0.00

10% Acetylacetone +

in Acetone 0.00 .08 0.00 .01,
10'p Trifluoroacetylacetone + +
in Acetone 0.00 .05 .01 .06

2% 1-Benzoylacetone

in Acetone 0.00 .02 0.00 0.00
2% Dibenzoylmethane +
in Acetone 0.0 .01 0.00 0.00
2% Benzoyltrifluoroacetone +

in Acetone O.OC .290.00 .05
2, Salicylaldoxime

in Chloroform .0 .16 .05 0.00

2% Salicylaldoxime ,

in 7thanol .0 .04 .02 0.00
2% Salicylaldoxime , *

in Acetone .01 .08 .04 0.001 1% 8-Hydroxyquinoline *-

in Chloroform .12 .28 0.00 .02
0.,2% Dithiooxamide

in Ethanol 0.00 0.00 O.O 0.00
1% Dimethylglyoxime

in Ethanol . 0.00 .01 O.OC 0.00

2% Sodium Diethyldithiocarbamate
in H20 O.Od 0-0010.0c 0.00
2% Sodium Diethyldithiocarbamate

Lin Aketon 54 .2] .331 .3d -2Z

1 54
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TABLE XII. R Values for Metal Ions On X-Amine Stationary

Phase With Various Mobile Phases.I
MOBILE PHiASE Ii T :C

Fe+5 Cu+ 2 :i~ :n
I 11H20

0.00 .01 .03 0.00
1M Ethylenediamine
in H _20 0.00 .97 .98 .03
O.1M Ethylenediamine ?
in H20 0.00 .92 .93 .03
10W Acetylacetone+

in Acetone 0.00 .53 0.00 .02
lO Trifluoroacetylacetone

in Acetone 0.00 .80 .01 .04

2* 1-Benzoylacetone
-Lin Acetone 0.00 .59 0.00 .01
2% Dibenzoylmethane

in Acetone 0.00 .54 0.00 .01

* n2% Benzoyltrifluoroacetone

in Acetone 0.00 .08 .01 .02
2% Salicylaldehyde

in Ethanol 0.00 0.00 0.00 0.00
2% Salicylaldoxime

Sin Chloroform 0.00 .171 .16 o.00

.' 1% 8-Hydroxyquinoline

in Ehlorofrm 0.00 .36 0.00 0.00

I 0.2% Dithiooxamide
in Ethanol 0.00 0.00 0.00 0.00i1% Dimethylglyoxime

i n Ethanol 0.0 .15 000 000

2% Sodium Diethyldithiocarbamatein 200.00 0.00.0.001 0.00

2%Sodium Diethyldithiocarbamate , ,

_in Acetone 0.00 .59 .56 .26
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I All Rf values were calculated using Equation 5 on

page 17. The distance moved by the solute was measured

from what appeared to be the most concentrated point of

Ithe sample spot.

Comparison of Silica G and Silica Gel 7 substrates

shows that the metal ions generally have higher R f values

on type G than on type 7. This is probably because the

Silica Gel G consists of larger particles. There is less

I surface area for the solutes to be adsorbed, so they move

through the stationary bed faster. Also, the G type con-

tains 13% calcium sulfate as a binder which is fairly

inert as an adsorbent and further decreases silica surface

area available.

It was also interesting to note that sample spots on

the G type were somewhat more compact than on type 7. This

was also possibly due to the smaller amount of adsorption

on the G type particlesso there was a lesser chance for

I solute spreading.

3 Ni+ 2 is separable from Fe+3, Cu+ 2 and Zn+2 on either

type of silica using water as the mobile phase. Also, a

mixture of Cu+ 2 and Zn+ 2 was easily separable from Fe+ 3 .

Better separations were obtained with ethylenedi-

I amine (en)/water mobile phases than with ethylenediamine

(en)/acetone on Silica Gel 7. Rf values were zero or close

to zero for the latter system. This suggests that the

metal-en complexes are more soluble in water than in ace-
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I tone and/or that the formation constants of the metal-en

complexes are higher in water than in acetone. The Rf

values were higher and the metal separation was better for

I O.IM en in water than for IM en in water. The pH of the IM

en is high and perhaps aided in the formation of metal

I hydroxides which precipitated and were highly retained

by the silica.

It appears that all four metals might be separable

with a Silica Gel 7 substrate and a 0.1M en in water

solvent system if the tailing of the Zn+2 spot was de-

j creased. An efficient HFLC silica column might accomplish

this. Three of the four metals can be effectively separated

from each other on a Silica Gel 7 substrate with the fol-

lowing solvent systems: water, O.1M en in water, pH a 2.00

i hydrochloric acid, 10% acetylacetone in acetone, 2% sal-

icylaldehyde in ethanol, 2% salicylaldoxime in chloroform,

I 1% dimethylglyoxime in ethanol, pH 2.00 buffer.

A study was also done on the effect of pH on the Rf

values of the metals ions on Silica Gel 7. The pH buffers

in Table IV were used and the results are shown in Table

III and Figure 9. Fe+ 3 , Cu+ 2 and Zn+ 2 exhibit odd behavior

Iin the pH range of 1 to 2.5. The graphs of Figure 9 did

not give any promising outlook for the separation of Cu
+2

and Zn+2 , so most of the bonded-phase TLC was done using

chelating reagents in organic solvents. The separations
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I would then depend upon competition of the immobilized

group with the chelating group in the mobile phase for

the metal ions, rather than a pH dependent solvent ex-

l traction type of process.

On the Z-6020 Amine substrate, a pH = 1.00 hydro-

l chloric acid mobile phase hardly even separates two metals

from each other. Rf values were 0.05 or lower for all

Imetals.
The most feasible separation on this substrate oc-

cured using a O.IM en in water mobile phase. Cu
+ 2 Ni + 2

l and Zn+ 2 or Cu+ 2 , Ni +2 and Fe + 3 were separable. Competi-

tion between the immobilized diamine and the en in the

I mobile phase for the metal ions occured here.

l As on the silica gels, R f values of the metals were

higher in the aqueous en solutions than in the acetone/en

l mobile phases.

Thep-diketones used in the mobile phases generally

gave very small Rf values for the metals (kO.l0), and'did

not give good separation of any metals on the Z-6020 Amine

substrate. The diamine group immobilized on the silica ap-

3pears to form a stable chelate, so the metals are not eas-
ily released to the $-diketone in the mobile phase. Other

Ievidence for a strong diamine complex is the difficulty of
detection of the sample spots after spraying with di-

phenylcarbazide (DPC). This occured on the Z-6020 Amine

3plates and on other plates when an en mobile phase was
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I used. The metals tended to stay in the diamine chelate

rather than to complex with diphenylcarbazide and form

the more highly colored metal-DPC complexes.

The Z-6020 Dithiocarbamate and the Z-6020 bis-

Dithiocarbamate show no real promise for the separation of

I Fe+ 3 , Cu+ 2, Ni+ 2 and Zn+2 . The stationary phase totally

retained the four metals for almost every mobile phase

I used. The most movement the metals exhibited on these

I plates was when mobile phases of sodium diethyldithiocar-

bamate (NaDDC) in organic solvents were used. Even then,

Rf values were almost identical for all the metals and

separations were not possible.

The use of dithiocarbamate stationary phases is also

limited since acidic mobile phases attack the nitrogen

and release carbon disulfide from the substrate.

Because of the stable chelates formed, the dithio-

carbamate-bonded silica substrates probably would be very

good for extracting trace metals in purifying chemical

.1 samples. Also, the material could be used as packing in a

"guard" column to keep trace metals from accumulating in

San analytical column.

The three Z-6020 I-Diketone substrates usually showed

I good separations or at least a promising outlook for sep-

i aration of the four metals. The best results usually oc-

cured when a A-diketone mobile phase was used. This way,

I the immobilized A-diketone and the -diketone in the mo-
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I
I bile phase compete for the metal ions. The metals usu-

ally had fairly high R f values and the sample spots were

usually compact. This could be due to the quick equili-

I bration and reversibility of metal-j-diketonate formation.

A 2% salicylaldoxime in chloroform mobile phase on a

i Z-6020 A-Diketone-I TLC plate offered a good outlook for

aeparation of the four metals. The Cu+ 2 spot tailed into

the Ni+ 2 spot, but an efficiently packed column might com-

bat this problem. In any case, three of the four metals

were easily separable from each other.

3 A 2% sodium diethyldithiocarbamate in acetone mobile

phase showed the best separation on the Z-6020f-Diketone-

2 substrate. Cu+ 2 and Ni+ 2 spots had very close Rf values.

3 A longer development length for a TLC plate or a long

length of packed column could conceivibly separate all of

3 the four metals.

By far, the best separation obtained during the

course of this research occurred on the Z-6020,P-Diketone-

3 substrate using a 10% trifluoroacetylacetone (TFAA) in

acetone mobile phase. All spots except for Zn+ 2 were very

I compact.

The development of this particular system was repeat-

I ed many times, at times using two different batches of the

I substrate. Reproducibility was always within 4%. Figure 10

shows a typical Z-6020$-Diketone-3 plate developed with

1 10% TFAA in acetone. Fe, Cu, Ni and Zn perchlorates were
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I spotted separately in the first four strips of the plate.

The last two strips were spotted with a mixture of equal

amounts of Fe, Cu, Ni and Zn perchlorates. Spots were a

total of 10-15#9 of sample.

I
I
I--

01 1O 01
10 0 0

0 o 0
1 0 0 0

I F +2 Ni +2 Zn+2
Fe, Cu,
Ni & Zn

Figure 10. Developed TLC Plate of Z-6020,-Diketone-3

Substrate and 10% Trifluoroacetylacetone in

Acetone Mobile Phase.I

1Z-6020 $-Diketone-3 pl ,es were also spotted with

various amounts of total sarple of Fe, Cu, Ni and Zn

I perchlorates. With samples ranging from 3.2,cg to 19.2,g,
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R f values showed reproducibility to within 4% even for

varying sample loading. A typical plate is shown in Figure

11.

o 00 0 0 0 Cu

0 0 0 0 0 0
o 0 0 o 0 Ni

0 o - Fe

3.2 6.4 9.6. 12.8 16.0 19.2

#g pA(g Ag 'g Apg #g

Amount of sample spotted

Figure 11. Developed TLC Plate of Z-6020f-Diketone-3

Substrate and 10% Trifluoroacetylacetone in

Acetone Mobile Phase (Various Sample Loadings).

Rf values for the metal ions on the Z-6020 Arylamine

and the I-Amine substrates were substantially higher than

Rf values on the Z-6020 Amine substrate for the same sol-

vents. The Z-6020 Amine forms stable chelates with the
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j metals whereas the Z-6020 Arylamine has a primary amine

and a secondary amine which are separated by eight atoms

I and tend to form weaker complexes, and the I-Amine has

only one amino group available to the metal ions, forming

a weaker complex. Since these complexes are much less

I stable than the diamine chelate, the metals tend to be

released more easily and travel farther along the sta-

I tionary bed.

Rf values for the metal ions on the I-Amine were gen-

erally slightly higher than on the Z-6020 Arylamine for

j the same solvents. The presence of a secondary amine and a

primary amine coupled with the slight resonance of the

I aryl ring in the Z-6020 Arylamine tends to retard the

metals more than on the straight chain y-Amine.

The best separation on the Z-6020 Arylamine occurred

I using a 2% salicylaldoxime in chloroform mobile phase.

Figure 12 shows a typical TLC plate developed using this

I system. All Rf values are rather small,but each metal spot

is very compact. Longer TLC development length would give

a better visualization of actual separations.

p Separations on the I-Amine substrate were not very

good due to spot spreading and similar Rf values for the

metals. The best separations obtained on this substrate

were with mobile phases of 10% TFAA in acetone and with 2%

* NaDDC in acetone. Still, only two metals were separable

from each other and from a mixture of the other two metals.
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I
I
I

I

I

I

Fe'3 , Cu'2  Ni +2Zn'2
Fe, Cu,

Ni & Zn

j Figure 12. Developed TLC Plate of Z-6020 Arylamine

Substrate and 2% Salicylaldoxime in

I Chloroform Mobile Phase.

I
Rf values and final spot lengths obtained from

I developed TLC plates can be used to calculate the local

plate height for a certain substrate-solute system. This

Iis easily done with the help of Figure 1 and Equation 8.

Table XIII lists average plate height (U) for the

four substrate-solute systems on a Z-6020 #-Diketone-3

plate. Intermediate parameters are also listed. The number
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3 of plates (N) for a system is simply the length that the

solvent front travels up the plate divided by the average

I plate height (1). The length that the solvent front

travelled was always 10 cm, or 100 mm so,

N - A Q(13)!
The number of plates is also listed in Table XIII.

I TABLE XIII. Table of Parameters Obtained From Z-6020

I fDiketone-3 TLC Plate Using 10% Trifluoro-

acetylacetone in Acetone Mobile Phase.

Metal 4( r 02 Rf H N

Ion (mm) (mm) (Dm2) (mm)

Fe+ 5  3.0 0.75 0.5625 0.00 00 0

Cu+ 2  6.0 1.50 2.25 0.81 0.0278 3600

Ni 2  8.0 2.00 4.00 0.12 0.3333 300

I zn 2  24.0 6.00 36.00 0.41 0.8780 114

I Equations 4, 6, 9 and 10 were used to calculate the

approximate number of plates needed to separate certain

pairs of metal ions on Z-6020 /-Diketone-5 substrate with

I a 10% TFAA in acetone mobile phase. A value of 1.5 was

used for R. in Equation 9 for the calculations of N. This

I would give baseline separation or a "just resolved" mix-

ture. The three metal ion pairs to be separated, and their

corresponding N values are listed in Table XIV. Intermedi-

I ate values, ok and ' are also listed.
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I TABLE XIV. Calculated Number of Theoretical Plates Needed

to Separate Pairs of Metal Ions (Rs=l.5) On

Z-6020 f-Diketone-3 Stationary Phase With 105o

Trifluoroacetylacetone in Acetone Mobile Phase.

Metal Ion O k' NI Pair

Cu+2-Zn+2 6.135 0.8368 83.72

I Zn+2 -Ui+ 2  5.096 4.3860 30.06

Ni+2-Fe+3  00 9.00

Keeping in mind that it is dependent upon the solute,

I N should be used only as a "ballpark" value to determine

the feasibility of a separation.

For a "just resolved" separation of Cu+2 and Zn+ 2 on

Ia $-Diketone-3 plate using a 10% TFAA in acetone mobile

phase, N should be at least 84 plates. Looking back at

ITable XIII, N=3600 for Cu and N=ll4 for Zn. N for the Cu-
Zn mixture is probably some complex function of the two

separate N values for the metals. It presumably would be

somewhere between the values of 114 and 3600. The excel-

lent resolution of the Cu and Zn spots in Figures 10 and

1 11 do not discount this presumption. If 84 plates are

theoretically needed to get a "just resolved" separation

I of Cu+ 2 and Zn+ 2 , it appears from the figures that N is at

I least 114 in order to get the wide separation shown. A

more rigorous treatment of this theory, if practical or

I even possible, is beyond the scope of this research.
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Reusability of Z-6020 Amine

To test the reusability of the Z-6020 Amine substrate

under various pH conditions, samples of the substrate were

stirred with various pH solutions of hydrochloric acid and

solutions of ethylenediamine (en).

I pH=1.00

About 10 grams of Z-6020 Amine were stirred for 30

I minutes with a hydrochloric acid/water mixture (?75ml)

Iof pH=l.00. The powder was then filtered, washed with

water and dried. C, H, N analysis showed only 7.3% load-

Iing.
TLC plates made from this substrate and developed

with aqueous 0.1M ethylenediamine gave the Rf values:

Fe+ 3 (0.01), Cu+ 2 (0.61), Ni + 2 (0.79), Zn+ 2 (0.01). Each

value was greater than for the substrate that was not

I mixed with hydrochloric acid. It appears that at low pH,

the Si-C bond is broken, releasing the previously im-

I mobilized (CH2 ), NH(CH2 )2 1M2 chain which tended to retard

the movement of the metal ions through the stationary bed.

pH=2.00

About 10 grams of Z-6020 Amine were stirred for 50

minutes withz75 ml of pH=2.00 hydrochloric acid/water.

The powder was filtered, washed with water and dried. C,

H, N analysis showed 10.4% loading.

TLC plates made with this substrate and developed

with aqueous 0.I ethylenediamine gave the Rf values:
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Fe+3 (0.00), Cu 2 (0.11), Ni 2 (0.26), Zn 2 (0.00). These

values were identical to the values obtained for the un-

treated Z-6020 Amine substrate. The constancy of the %

I loading and the reproducibility of the Rf values indicate

that the Z-6020 Amine would be reusable at this pH.

1 pH=8.00

About 10 grams of Z-6020 Amine were stirred for 30

minutes with- 75 ml of an ethylenediamine/water mixture

of pH=8.00. The powder was filtered, washed with water and

dried. C, H, N analysis showed 10.0' loading.

ITLC plates made from this substrate and developed

with aqueous 0.lN ethylenediamine gave the Rf values:

Fe+3 (0.00), Cu+ 2 (0.12), Ni+2 (0.28), Zn+2 (0.00). These

Ivalues were almost identical to those for the untreated
substrate. It appears that the Z-6020 Amine is also stable

*at this pH.

pH=II.35

About 10 grams of Z-6020 Amine were stirred for 30

Iminutes with '75 ml of aqueous 0.1M ethylenediamine (pH=
11.35). The powder was filtered, washed with water and

Idried. C, H, N analysis showed only 8.7% loading.
TLC plates made from this substrate and developed

with aqueous 0.lN ethylenediamine gave the Rf values:

j Fe+3 (0.01), Cu+2 (0.58), Ni+2 (0.74), Zn+2 (0.01). These

values were quite a bit different from values obtained

I from the untreated substrate. It appears that at high pH,
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I the Si-O bonds are broken and the previously immobilized

groups are released from the silica surface.

From the % loading and the reproducibility of the

I chromatograms, it appears that the Z-6020 Amine substrate

can be used in a pH range of 2 - 8 and still be reliably

reused. This is obviously important to know when operating

HPLC columns packed with this substrate. The substrate can

be used outside this pH range for a single TLC run, how-

I ever, reproducibility cannot be expected in a column or a

plate which is to be used again.

I The treatment of the substrate with hydrochloric acid

or with ethylenediamine caused a change in the total %

Iloading of the silane on the silica, however, percentages

of C, H and N were still in the same proportions to each

other. It is reasonable to assume that the C-C, C-H, C-N

I and N-H bonds were left intact and only the Si-C or the

Si-O bonds were attacked, as was postulated earlier.

It is also reasonable to assume that the other amine

and ,O-diketone bonded-phase substrates are reusable in the

pH range of 2 - 8. The dithiocarbamates, of course, give

off carbon disulfide in contact with acidic solutions, so

the reusability of these substrates is more severly pH

limited.

j High-Performance Liquid Chromatography (HILC)

Only Cu+2 , Ni+2 and Zn+2 ions were injected onto the

HPLC columns which were packed with Z-6020$-Diketone-3.
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I Fe 3 was not injected because of its 0.00 Rf value ob-

served on TLC plates. The Fe + 3 ion would probably be re-

I tained at the top of the column, or, if it was eluted, it

I would probably take an extraordinarily long time.

Cu+ 2, Ni+ 2 and Zn+2 mixtures were injected onto the

30 cm long column but only Cu+ and could be detected

using visible spectrophotometry. Even then, because of the

low extinction coefficients of the complexes at the de-

I tector wavelengths, high concentrations (10,000 ppm) of

the metals were needed.

IFigure 13 shows a typical chromatogram obtained from
a mixture of 2,gl of (10,000 ppm) Cu and 8#l of (10,000

ppm) Ni. The mobile phase was 10% TFAA in acetone.

41
CU

40

39

38

oWo 1.0 2.0 3.0 4.0

Eluent Volume (ml)

30 cm long Z-6020 1-Diketone-3 column
2 #l of (10,000 ppm) Cu + 81l of (10,000 ppm) Ni
Flow rate = 1.0 ml/min

i 1Detection wavelength = 373 nm

1Figure 13. Typical HPLC Chromatogram for the Separation
of Cu and Ni.1
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There is a good chance that the high amounts of

sample overloaded the column. However, the Cu peak ap-

peared to show a fairly Gaussian profile, so 2 al sam-

ples of (10,000 ppm) Cu were used to determine the opti-

mum flow rate of the mobile phase. Figure 14 shows the

chromatograms for Cu at four different mobile phase flow

rates. These figures, along with Figure 2 and Equation 12,

were used to calculate the number of theoretical plates

I (N) in the column. V was approximated as VR since V0 is

small compared to V The height equivalent to a theoreti-

I 'cal plate (H) in cm, was calculated according to Equation

14 since the column length was 30 cm.

HI (14)

I
These values are listed in Table XV.

I The values in Table XV were used to plot the H vs.

mobile phase flow rate graph of Figure 15. The figure

shows the optimum flow rate occurring at approximately

1.1 ml/min.

A sample of 333.3 ppm for each metal (1,000 ppm tot-

I al), to be detected by atomic absorption spectrophotometry,

was injected onto the column with the mobile phase flow

Irate set at 1.0 ml/min.
I The diluted samples aspirated into the atomic absorp-

tion spectrophotometer ranged in maximum concentrations

i from 70.005 ppm to %0.015 ppm according to the metal.
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39

38.11.0.0 1.0 2.0 3.0 4.0

I Eluent Volume (ml)

a) Flow Rate =0.5 mi/min

41

40

39'

001.0 2.0 3.0 4.0

Eluent Volume (ml)

b) Flow Rate 1.0 mi/min

30 cm long Z-6020/O-iketone-3 column
2,al of (10,000 ppm) Cu
Detection wavelength = 368 nm

Figure 14, HPLC Peak Shapes of Cu.
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* 41

S~40 .
%T

39

0.0 1.0 2.0 3.0 4.0

Eluent Volume (ml)

c) Flow Rate = 1.5 ml/min

41

-40

39

36
0.0 1.0 2,0 3.0 4.0

Eluent Volume (ml)

d) Flow Rate = 2.0 ml/min

I
30 cm long Z-6020#-Diketone-3 column
2#I of (10,000 ppm) Cu
Detection wavelength - 368 nm

Figure 14. HPLC Peak Shapes of Cu (cont.).
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I

TABLE XV. Table of Parameters Obtained From a 30 cm

i HPLC Column.

Flow Rate VR W N H

* (ml/min) (ml) (ml) (cm)

0.5 1.42 .42 63.33 .474

1.0 1.49 .41 73.17 .410

1.5 2.18 .61 70.76 .424

2.0 2.30 .80 45.79 .655

I
30 cm long Z-6020 0-Diketone-3 column
2 1 of (10,000 ppm) Cu
Detection wavelength = 368 nm

I

I 0.70

I 0.60 i - -! i

H 0.50 -

I (m
0.40 -

,0.301

0.0 0.5 1.0 1.5 2.0 2.5

Mobile Phase Flow Rate (ml/min)

I 30 cm long Z-6020.0-Diketone-3 column
2p1 of (10,000 ppm) Cu
Detection wavelength = 368 nm

Figure 15. Graph of Height Equivalent to a Theoretical

Plate (H) vs. Mobile Phase Flow Rate.
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I There was a higher maximum concentration of Cu in these

samples than Zn since all of the Cu was eluted with a

i smaller volume of mobile phase than was all of the Zn.

Zn had a higher maximum concentration than Ni for the same

reason.

Tables XVI, XVII and XVIII list the samples of the

three metals aspirated into the atomic absorption spectro-

photometer and their corresponding ,j absorption values.

The % absorption was converted to absorbance units and was

also listed in the tables.

TABLE XVI. Atomic Absorption Readings for HPLC Samples

of Cu.

Sample Time Frame % AbsorbanceI Tube # Sampled (min) Absorption .....

1 0.00-0.25 0.5 0.0022

1 2 0.25-0.50 0.5 0.0022

3 0.50-0.75 0.5 0.0022

4 0.75-1.00 0.7 0.0031

I 5 1.00-1.25 1.1 0.0048

6 1.25-1.50 0.8 0.0035

1 7 1.50-1.75 0.6 0.0026

8 1.75-2.00 0.5 0.0022

1 9 2.00-2.25 0.5 0.0022

10 2.25-2.50 0.5 0.0022

11 2.50-2.75 0.5 0.0022

I



5 TABLE XVII. Atomic Absorption Readings for HPLC Samples

of Zn.

I
Sample Time Frame Absorbance

I Tube # Sampled (min) Absorption

1 0.00-0.25 4.0 0.0177

1 2 0.25-0.50 4.0 0.0177

3 0.50-0.75 3.7 0.0164

1 4 0.75-1.00 3.3 0.0146

5 1.00-1.25 4.0 0.0177

6 1.25-1.50 3.3 0.0146

7 1.50-1.75 3.7 0.0164

8 1.75-2.00 3.7 0.0164

9 2.00-2.25 4.7 0.0209

10 2.25-2.50 4.7 0.0209

11 2.50-2.75 7.3 0.0329

12 2.75-3.00 4.3 0.0191

13 3.00-3.25 4.3 0.0191

14 3.25-3.50 3.7 0.0164

15 3.50-3.75 3.3 0,0146

16 3.75-4.00 4.0 0.0177

i 17 4.00-4."') 3.7 0.0164
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TABLE XVIII. Atomic Absorption Readings for HPLC Samples

of Ni.

Sample Time ?rame ? Absorbance
Tube # Sampled (min) Absorption

12 2.75-3.00 0.0 0.0000

13 3.00-3.25 0.1 0.0004

14 3.25-3.50 0.1 0.0004

15 3.50-3.75 0.1 0.0004

16 3.75-4.00 0.2 0.0009

17 4.00-4.25 0.2 0.0009

18 4.25-4.50 0.6 0.0026

19 4.50-4.75 0.6 0.0026

20 4.75-5.00 1.0 0.0044

21 5.00-5.25 0.8 0.0035

22 5.25-5.50 0.6 0.0026

23 5.50-5.75 0.6 0.0026

24 5.75-6.00 0.2 0.0009

25 6.00-6.25 0.2 0.0009

26 6.25-6.50 0.2 0.0009

27 6.50-6.75 0.1 0.0004

28 6.75-7.00 0.0 0.0000
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I

The absorbance values in Tables XVI, XVII and XVIII

were plotted against eluent volume in Figures 16, 17 and

18. The flow rate of the mobile phase was 1.0 ml/min.

j Each eluent sample was taken for 0.25 minutes, so the ab-

sorbance for each sample is actually the sum of all the

infinitessimal absorbances (EAA) in a 0.25 ml wide segment

of the abcissa of the chromatograms. As an approximation,

the actual absorbance reading was called the mean over

this segment and was plotted as the midpoint of the 0.25

ml segment.

Samples could be taken for smaller time intervals in

an attempt to obtain greater accuracy, but this would de-

crease the amount of metal in each sample. Metals in sam-

ples taken at too small an interval may go undetected by

atomic absorption.

Curves were drawn through the points in Figures 16,

17 and 18 as close to a Gaussian profile as the points

would permit.

Chromatograms from Figures 16, 17 and 18 were com-

bined by offsetting the baselines of the Cu and the Ni

peaks and are shown in Figure 19 as a typical chromato-

gram of the Cu-Zn-Ni system. All absorbance values are to

scale.
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I,
The resolution between two chromatographic peaks is

the ratio of the difference of their retention volumes to

I the average base peak width.

RS3A -V R (15)
s 16(Wl-+W2

i VR and W are values defined in Figure 2.

The resolution between adjoining metal ion peaks is

I listed in Table XIX. Intermediate values are also listed.

TABLE XIX. Resolution Between Metal Ion Peaks on an HFLC

Chromatogram.

Metal Ion VR W R s1 2
Pair (ml) (ml) (ml) (ml)

Cu+2 -Zn+2  1.16 2.58 0.96 0.98 1.45

Zn+2-Ni+ 2 2.58 4.91 0.98 3.27 1.10

30 cm Z-6020 A-Di.etone-5 column
Flow rate = 1.0 ml/min
Calculations were made using measurements from

1 Figures 16, 17 and 18. The base peak width for Ni was

i estimated as well as the peak shape would allow. Tangents

were drawn almost as if the peak exhibited a Gaussian pro-
i file.

file.Cu+2 and Zn+2 are almost baseline resolved. For Zn+2

i and Ni+2, R8 a 1.10. For Rs = 1.00, resolution is about

94% complete, which corresponds to a 3% overlap of peak

areas. Rs = 1.10 is certainly sufficient for most analy-

3 tical purposes.
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The number of theoretical plates for each solute was

calculated using Equation 12. The results are listed in

I Table XX.

TABLE XX. Calculated Number of Theoretical Plates (N) for

an lPLC Column.

Metal Ion VR W6 N
(ml) (ml)

I Cu + 2  1.16 0.43 40.32

Zn+ 2  2.58 0.50 147.50

Ni+ 2  4.91 1.14 102.77

30 cm Z-6020,0-Diketone-3 columnFlow rate - 1.0 ml/min

I The N values for Zn and Ni are within order of mag-

Initude agreement with the N values for TLC (see Table
XIII). However, the HPLC value for N for Cu is almost

1 one hundred times smaller than for the TLC value. Some

factors which may contribute to this large difference are

Ilisted below.
1) There is a slight possibility that the IIPLC column

was overloaded with the amount of sample injected (O,g).

}This would cause the bulk of the least easily retained
metal, Cu, to be flushed through the column quickly. This

decreases VA and decreases N bt a factor of (VA)2.

1 2) Total TLC development '.,ok approximately 20

minutes. In HPLC, Cu was eluted in about 1.2 minutes. Cu

had a period about seventeen times longer to equilibrate

1 8
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between stationary and mobile phases in TLC than in HPLC.

This could account for great differences between the N

_ [values in TLC and HPLC.

I 3) All parameters in Table XIII were obtained by

visual measurement. Since Cu travelled the farthest of the

Imetals~there was a chance that it spread the most. The
visual detection limit might have been poor enough to

I give a false final spot length. It is possible, then, that

the value measured as L0*did not contain 95.5% of all the

Cu. If this was true, the 40 value should be larger than

the value listed for Cu in Table XIII. Hence, i would in-

crease and N would decrease, bringing it closer to the

value calculated from the HPLC column.

Because of a non-rigorous treatment of the theory and

the limits of visual measurements, the TLC in this re-

search should not be compared too closely with the HPLC.

The two different methods have two different applications.

TLC should be used as a quick, first-look separative

method for a solute-solvent-substrate system. Its results

can be applied to HPLC and then the HPLC system can be

1optimized. Once this is done, the HPLC system can be used
effectively as a very quick analytical method for samples

1which must be separated on a repetative basis.

I
1
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I
I CONCLUSIONS

In general, Rf values for metal ions were higher on

Silica Gel G than on Silica Gel 7. An effective separation

of three of the four metals, Fe+ 3 , Cu +2 , Ni+ 2 and Zn+2 2

can be accomplished with the following solvent systems on

Silica Gel 7 substrate: water, O.l en in water, pH=2.00

hydrochloric acid, 10% acetylacetone in acetone, 2 sali-

I cylaldoxime in chloroform, 2% salicylaldehyde in ethanol,

I 1% dimethylglyoxime in ethanol and a pH 2.00 buffer.

Separation of all four metals might be possible on an

j efficient silica column using an aqueous O.lM en mobile

phase.

I The Z-6020 Amine substrate, using an aqueous 0.lE en

I mobile phase,separates three of the four metals from each

Other.

The Z-6020 Dithiocarbamate and the Z-6020 bis-Dithio-

carbamate exhibited poor ability to separate the four

I metals.

I The Z-6020P-Diketone substrates usually showed good

separations. By far, the best separation of all four me-

I tals obtained during this research occurred on the Z-6020

A-Diketone-3, an immobilize4 t'ifluoroacetylacetone sub-

strate. The mobile phase was 10% trifluoroacetylacetone

(TFAA) in acetone.

Another fairly good separation of all four metals

was on Z-6020 Arylamine, an immobilized analine substrate,
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with a 2% salicylaldoxime in chloroform mobile phase.

Separations of Fe, Cu, Ni and Zn on the Y-Amine, an

I immobilized n-propyl amine, were not very good. At best,

two metals were separable from each other and from a mix-

ture of the other two metals.

I On TLC plates that showed only moderate tailing, it

is conceivable that better separations could be obtained

I on an efficiently packed HPLC column.

I Using the Z-6020#-Diketone-3 substrate and a 10%

TFAA in acetone mobile phase, about 84 theoretical plates

j are needed to separate Cu+2 and Zn+2 . To separate Zn+2

and Ni+2, approximately 30 plates are needed. Separation

1 of Ni+2 and Fe+3 requires only 9 plates.

With the exception of the dithiocarbamates, the

bonded-phase substrates appear to be reusable if used in

j a pH range of 2 - 8 or with organic mobile phases.

HMPLC runs with Cu+2 on a column packed with Z-6020

I -Diketone-3 showed an optimum mobile phase flow rate of

about 1.1 ml/min. The mobile phase was 10% TFAA in ace-

tone. For HPLC separation of Cu+2 , Zn+2 and Ni+2, the elu-

1 tion order of the three metals was Cu,Zn>Ni. The reso-

lution between the Cu+2 and Zn+2 peaks is 1.45. The reso-

I lution between the Zn+2 and Ni+2 peaks is 1.10. The three

metals are sufficiently separated for most analytical

purposes.

j TLC should be used primarily to obtain quick separa-
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tion for a new solute-solvent-substrate system. Its re-

sults can be applied to HPLC. The HPLC system can then

be optimized and used as a quick analytical method for

J 1samples which must be separated on a repetative basis.

I

I.
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